Objective: To evaluate the effects of functional electrical stimulation (FES)-assisted walking on body composition, compared to a non-FES exercise program in individuals with a spinal cord injury (SCI). Design: Parallel-group randomized controlled trial. Methods: Individuals with chronic (≥18 months) incomplete SCI (level C2 to T12, AIS C or D) were recruited and randomized to FES-assisted walking (intervention), or aerobic and resistance training (control) sessions thriceweekly for 16 weeks. Whole body and leg lean mass and whole body fat mass, measured with dual-energy X-ray absorptiometry, and lower-limb muscle cross-sectional area (CSA) and fat CSA, measured with peripheral computed tomography were assessed at baseline, 4 months, and 12 months. Intention-to-treat analyses using repeated measures general linear models were used to assess between-group differences. Results: Thirty-four individuals were randomized (17 per group); 27 remained at 12 months. There were no significant main effects of FES-assisted walking on body composition variables in intention-to-treat analyses with group means. There was a significant group-by-time interaction for muscle area from baseline to 12 months (P = 0.04). Intention-to-treat analysis of muscle area change scores between baseline and 12 months revealed a significant difference between groups (mean (SD) muscle area change score 212 (517) mm s for FES, −136 (268) mm s for control, P = 0.026). There were 13 side effects or adverse events deemed related to study participation (7 intervention, 5 control); most were resolved with modifications to the protocol. One fainting episode resulted in a hospital visit and study withdrawal. Conclusions: Thrice-weekly FES-assisted walking exercise over 4 months did not result in a change in body composition in individuals with chronic, motor incomplete C2 to T12 SCI (AIS classification C and D). However, longer-term follow-up revealed that it might maintain muscle area.
Introduction
After spinal cord injury (SCI), there is a rapid and dramatic loss of muscle mass in the lower limbs, which may predispose individuals with SCI to impaired glucose control, pressure sores, and an increased risk of fracture.
Reductions in lower-limb muscle mass or cross-sectional area (CSA) can be 12-25% in only the first 24 weeks post-injury. 1, 2 Fat mass in individuals with chronic SCI is increased relative to individuals without SCI, which may also contribute to an increased risk of chronic disease (e.g. diabetes, cardiovascular disease). [2] [3] [4] Muscle atrophy occurs to a greater extent decrements in muscle CSA of ∼25% or more have been observed when individuals with chronic, incomplete SCI were compared to controls without SCI. [2] [3] [4] [5] In individuals with SCI, functional electrical stimulation (FES) can be used: (i) to produce isometric muscle contractions for the purpose of muscle strengthening [6] [7] [8] ; (ii) produce contractions against resistance during cycling or leg extensions 6, 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ; (iii) as a permanent orthotic device to facilitate gait 21, 22 or grasping function, 42 i.e. neuroprostheses for walking and grasping; and (iv) for promoting neuroplasticity and retraining voluntary grasping and walking functions, [41] [42] [43] [44] i.e.
FES therapies. Despite variability in the type, intensity, duration, and frequency across the FES interventions studied to date, an improvement in muscle mass or area is a consistently observed outcome. 6, 14, 17, 19, [23] [24] [25] Preliminary research suggests that combining FES with gait training may be a means to improve functional mobility. [26] [27] [28] Previous applications of FES-assisted walking involved neuroprostheses, which are intended as permanent tools for assisting patients during walking. [29] [30] [31] Many walking neuroprostheses stimulate the flexor withdrawal reflex via the common peroneal nerve, which produces awkward gait and can habituate over time. 27 Advances in FES technologies allow FES to be applied directly to motor neurons of several muscle groups in a coordinated manner to enhance voluntary function in individuals with SCI (i.e. FES therapy), instead of substituting it, and avoiding the need for stimulation of reflex arcs. 32 FES therapy is applied as a short-term therapeutic intervention with the goal of improving voluntary function, and stimulating reorganization and retraining of intact parts of the central nervous system, so that dependence on the stimulation is reduced. Therefore, in theory, individuals with incomplete SCI could practice FES walking and achieve functional improvements in walking function that would be retained after cessation of therapy. The improved muscle function and mobility should also translate to a reduction in complications associated with immobility, such as muscle atrophy, pressure sores, or bone loss. Whether FES walking can result in increases in muscle size similar to other FES-based exercise interventions, or whether muscle size is maintained or increased after cessation of training is not known. Our team conducted a randomized controlled trial with the primary aim of testing the hypothesis that the application of our FES-assisted walking protocol thrice weekly for 16 weeks could improve functional mobility in individuals with chronic motor incomplete SCI, and that it would remain improved 8 months after cessation of training. Secondary objectives of the trial were to determine if our FES-assisted walking intervention could reduce several secondary complications in individuals with chronic SCI. The current report will address one of the secondary objectives, namely does our FES-assisted walking protocol increase muscle size or reduce body fat in individuals with chronic incomplete SCI, and what is the longer-term effect of 4 months of FES once the intervention is ceased?
Methods

Study design and sample
The design was a parallel group randomized controlled trial conducted at a large SCI rehabilitation hospital. The clinicaltrials.gov registration number is NCT00201968. The study received approval from the research ethics board, and recruitment began in March 2005. The last participant completed follow-up in December 2010. All recruitment, outcome assessment, and intervention and control group activities were conducted at our centre, with the exception of computed tomography scans, which were done at another centre. Participants were individuals with chronic (>18 months), traumatic, incomplete SCI (American Spinal Injury Association Impairment Scale (AIS) C or D) from C2 to T12. Exclusion criteria were: contraindications for FES (cardiac pacemakers, skin lesions at electrode sites, or denervation of targeted muscles); a lowerextremity grade IV pressure ulcer, or a grade II or III pressure ulcers at sites that would be exposed to the harness; uncontrolled hypertension; symptomatic orthostatic hypotension when standing for 15 minutes; and unstable autonomic dysreflexia requiring medication. A letter was sent to potential participants' family physician to inform them of their participation, with a request to provide medical clearance regarding the safety of their participation.
Randomization
Upon completion of baseline assessments, participants were randomly assigned to the intervention or control group in a 1:1 allocation ratio. The randomization sequence was generated using randperm.m function in Matlab (The MathWorks, Natwick, MA). Envelopes were prepared by a research assistant not involved in enrolling participants; each envelope contained a unique reference number. Each participant selected an unmarked, sealed envelope from a box. This reference number corresponded to another sealed envelope in a separate location that indicated group allocation for that participant.
Intervention and control group activities
Due to the nature of the treatment, it was not possible to blind the participants, so there was no placebo group. The patient's physician was blind to group allocation unless a serious adverse event occurred. Both groups received the same level of attention and were engaged in a form of physical activity for 45 minutes per session, 3 days per week, for 4 months (48 sessions total). An active control was chosen so that any intervention effects were attributed to the FES walking intervention rather than an improved fitness level. Adherence was determined by counting the number of sessions completed. Individuals who missed sessions were permitted to make them up.
Intervention group
Individuals assigned to the intervention group received FES stimulation while ambulating on a body weight support treadmill and harness system (Loko 70, Woodway USA Inc., Foster Ct, Waukesha, WI, USA). The harness was worn at all times for safety. Walking speed was chosen by the person supervising the session, with input by the participant. When necessary, manual assistance was applied by up to three assistants to the participant's lower extremities and lower back to facilitate normal gait. Whether body weight support used was patient-dependent, and varied over time, the amount of weight support used was just enough to assist the participant to achieve standing without knees buckling. The amount of body-weight support and manual assistance was progressively decreased over time with the goal of achieving no support or assistance.
FES therapy was delivered using two Compex Motion, transcutaneous electric stimulators (Compex SA, Switzerland), which used surface self-adhesive stimulation electrodes. Two stimulators worked independently, each stimulating one leg only (i.e. four electrodes from one stimulator were applied to one leg only) and were not synchronized. Instead, each stimulator behaved as an independent system controlling the gait sequence of the designated leg. The stimulators were manually triggered using a push button. The therapist activated the push button shortly after heal-off but before the toe-off phase of the gait cycle. The stimulation sequence was developed such that following the push button activation the entire stimulation sequence was delivered to the targeted muscles in an open-loop control manner. For the majority of participants the push buttons were triggered by the therapist or an assistant. In cases where a participant had good balance control and did not need to hold the handrails, they were given the option to control the stimulation when they initiated steps.
The electrodes were placed on the subject's skin at the motor points above the nerves corresponding to the muscles targeted with FES. Muscles stimulated were quadriceps (electrode size 5 × 10 cm), hamstrings (electrode size 5 × 10 cm), tibialis anterior (electrode size 2.5 × 2.5 cm) and gastrocnemius (electrode size 2.5 × 2.5 cm). The stimulation pulses used were balanced, biphasic, asymmetric, and current-regulated. Pulsewidth modulation was used to regulate temporal activity of the muscles and the pulse amplitude was used to regulate muscle contraction strength. Pulse amplitudes were in the range from 8 to 125 mA (they were subject-and muscle-specific), and pulse durations were in the range of 0 to 300 μs. The pulse frequencies were from 20 to 50 Hz. A case example of the parameters: maximum pulse duration 300 μs, pulse frequency was 40 Hz, and maximum pulse amplitudes for the stimulated muscles (left leg) were: quadriceps -40 mA, hamstrings -46 mA, tibialis anterior -56 mA, and gastrocnemius -30 mA. During stimulation, the targeted muscles were stimulated bilaterally and in a physiologically correct sequence that mimicked the muscle activation sequence observed during ambulation in individuals without paralysis.
Control group
Individuals assigned to the control group participated in an individually tailored exercise program consisting of 20-25 minutes of resistance training (using hand weights, cables, and uppertone) and 20-25 minutes of aerobic training (arm cycling, leg cycling, and walking in parallel bars or on treadmill), supervised by trained kinesiologists. Two to three sets of a resistance training exercise were performed at 12-15 repetition maximum resistance for all major muscle groups that were capable of voluntary activity. The intensity was progressively increased according to tolerance. Aerobic exercise was performed at a moderate (3-5 on the Modified Borg Rating of Perceived Exertion Scale).
Outcome measures
The registered trial listed the primary outcomes as the following health complications: spasticity, muscle atrophy, and bone loss (osteoporosis): no primary outcome was identified among these complications. The current report outlines the effects of the intervention on muscle atrophy (total body fat-free mass, leg lean mass, and calf muscle CSA) and fat mass (total body fat mass and calf fat CSA). Outcomes were assessed at baseline, after 4 months of intervention/ control activities, and at 12-month follow-up (8 months after intervention/control activities had ceased). Other trial outcomes (i.e. effects on indices of bone strength, spasticity, etc.) will be reported elsewhere. All technicians performing scans or analysis were blind to group allocation. Side effects of intervention/control group activities and adverse events were a secondary outcome. Participants were monitored for side effects during and in between training sessions, and were instructed to report any event to the trial coordinator. Each event was reviewed by a physician adjudicator that was not a member of the research team to determine if it was related to intervention/control activities. Total body lean mass and fat mass, and leg lean mass (in kilograms) were evaluated using whole body dualenergy X-ray absorptiometry (DXA, Hologic QDR 4500A, software version 11.1:3, Waltham, MA, USA). Whole body scans were analysed according to the manufacturer's instructions. Measurements of muscle CSA and fat CSA were obtained at the point of largest calf cross section (66% of the tibia length, measuring upward from the distal end) using a StraTec XCT-2000 peripheral quantitative computed tomography ( pQCT) scanner (STRATEC Biomedical AG, Birkenfeld, Germany). Scans were analysed with the manufacturer's software (XCT version 5.50). Contour mode 1, peel mode 2, and −100/40 mg/cm 3 threshold were used in CALCBD mode to separate pixels containing muscle, bone, or skin from pixels containing adipose tissue, so that total fat CSA (mm 2 ) could be determined. Contour mode 1 and 710 mg/cm 3 threshold were used in CORTBD mode to determine the pixels belonging to bone, and finally contour mode 4 and −100/ 2000 mg/cm 3 were used in CORTBD mode to determine the pixels belonging to skin. The bone and skin areas were then subtracted from the area containing muscle, bone, and skin to obtain total muscle CSA (mm
.
Statistical analyses
The trial reporting was done in accordance with the CONSORT criteria, and participant flow through the study was depicted using a CONSORT flow diagram (http://www.consort-statement.org/). Descriptive statistics were used to characterize participant demographic and medical history information, and all outcomes; mean (standard deviation, SD) was used for continuous variables and count ( percent, %) was used for categorical variables. Sample size was determined using the outcome that was expected to demonstrate the smallest effect size for the registered trial, namely tibia cortical bone mineral density (BMD) (not reported here). In a 
Results
Of the 34 individuals who entered the study, 27 (16 intervention, 11 control) returned for the final assessment (Fig. 1) . Demographic, medical history, and impairment characteristics of participants in the intervention and control groups are presented in Table 1 . There were no significant differences between groups at baseline for any of the body composition variables (Table 2) . On average, fewer sessions were completed by control group participants (34.1 sessions, or 71%) than intervention group participants (42.1, or 88%). Two individuals in the control group were excluded from pQCT analyses of muscle and fat area because of lower-limb oedema or spasticity that impeded scan acquisition, and one additional person had missing data at follow-up for this reason but their data were treated as missing (last observation carried forward).
In intention-to-treat analyses, FES-assisted walking had no significant effect on lower-limb muscle CSA; there was no significant change over time and there were no differences between the groups ( Table 2 ). The interaction was significant (P = 0.04); the control group appears to be losing muscle area over time, whereas the FES group appears to be gaining muscle area over time (Fig. 2) . However, neither the betweengroup differences nor the within-group changes over analyses were generally consistent with intention-totreat analyses. In per-protocol analyses using group means, the group-by-time interaction was significant after 4-month follow-up (P = 0.049) and after 12-month follow-up (0.046) but there was no significant betweengroup difference after 4-month (P = 0.193), or 12-month (P = 0.168) follow-up. If change scores were used, there was a significant main effect of FES on muscle area at 12 months (P = 0.046). Individual data for muscle area are presented in Fig. 3 . There was no effect of FES-assisted walking on fat CSA in the lower limb; there was no significant change over time, there was no difference between the groups and the interaction was not significant. For total body lean mass, leg lean mass and total body fat mass the changes over time were not significant in intention-to-treat analyses. The difference between the groups was not significant, nor was the group by time interaction in intention-to-treat analyses or per-protocol analyses.
Adverse events and side effects are summarized in Table 3 . One individual in the control group experienced fainting/loss of consciousness on his first visit that was deemed due to exercise participation; he was sent to the emergency room. For his safety, he was subsequently sent for a stress test and the attending physician recommended that he be withdrawn from the study. Four additional events occurring in the control group were deemed to be related to exercise participation but did not result in withdrawals: pectoral muscle strain; swollen knees; left elbow pain; and ringing in ears with dizziness. Seven of the events in the intervention group were deemed to be related to exercise Table 2 Body composition outcomes used in intention to treat analyses, reported as mean (SD), for intervention and control groups (n = 17 in each group with last observation carried forward in cases of missing data) at baseline, after 4 months of intervention/control activities and at 12-month follow-up .9) 16.1 (4.8)
(4.3)
*Two pQCT scans were not performed at this site due to spasms or oedema, so n is 2 less than noted. **Three pQCT scans were not performed at this site due to spasms or oedema, so n is 3 less than noted. participation, but did not result in withdrawals: bruising or blistering in the groin area (two incidents, due to harness placement -resolved with change in placement and padding); loss of footing on the treadmill, no fall; fall on treadmill; sharp pain in left heel/ankle; and pain and discomfort in the hip/groin area.
Discussion
The key message of our study is that FES-assisted walking may not increase muscle size or reduce total body fat mass in the short term, but it may help prevent muscle loss in the long term, even after the training has ceased. The strengths of our study include a randomized controlled trial design with arguably the largest sample size to date for this type of trial, and a 12-month follow-up to evaluate further changes or maintenance of effects, with relatively good retention. There were no significant between-group differences in any body composition measure between FES and control groups after 4 months of training. Our finding that FES appeared to better preserve muscle area 8 months after training had ceased when compared with a standard exercise program is promising, but should be interpreted with caution given the substantial variability across participants and the disproportionate loss to follow-up in the control group. The bulk of the literature to date on muscle and fat adaptations to FES consists of case series reporting positive benefits of FES training on muscle mass or CSA, with less conclusive evidence that it can reduce body fat. 7, 8, 16, 18, 19, [23] [24] [25] 33, 34 Only one other randomized trial of FES training in the lower extremities of individuals with SCI has been reported; FES-assisted quadriceps strength training over 8 weeks (n = 10 per group) demonstrated small increases in strength, but the authors speculated that they may not be large enough to be clinically important. 35 Knowledge syntheses and physical activity guidelines promote FES as a tool for increasing physical activity based on health-related benefits, including improved body composition. [36] [37] [38] FES has the added theoretical benefit of improving function, and patients and their families often have high expectations of FES therapy. It is critical to establish realistic expectations regarding the effects of FES in all of its forms using best evidence, so that users are not disappointed and cease efforts to exercise all together. It is also equally important to report the potential harms. Adverse events are infrequently reported, and do occur; we reported several side effects and one hospital visit directly attributable to exercise, and a case report of a fracture during FES has been reported previously. 39 The hospital visit was a result of orthostatic hypotension and a fall that occurred during the first session; it resulted in additional assessment and withdrawal from the study, speaking to the need for rigorous screening of individuals with SCI prior to initiating exercise. Future studies should systematically collect these data and report them as outcomes to enhance awareness and efforts to prevent them. The findings of the current study are in contrast with previous reports and convention that FES-training in general results in significant, long-term increases in muscle size or reduced fat mass. Although FES-assisted walking is functionally relevant, our intervention may not have created the right kind of stimulus or implemented it long enough to see appreciable changes in muscle size in the short term. FES-assisted walking may promote muscular endurance, but may not induce large-enough loads to stimulate muscle hypertrophy. Reports of increased muscle size after FES-training have typically implemented resistance training regimens aimed at increasing strength, or FES-cycling, which often requires moderate-to-high force production. 7, 18, 19, 23, 25, 33, 34, 35 Our intervention may also have been too short to demonstrate a noticeable effect of FES-assisted walking on muscle size. Although a few case series have reported increases in muscle size after 8 weeks of intervention, 7, 12, 14 case reports of improved body composition after 6 or 12 months of FES training are more credible. 16, 19, 33 It is expected that increases in strength would precede increases in size, and small increases in strength have been observed after 8 weeks of FESinduced quadriceps training in individuals with SCI. 35 However, the intent was to investigate whether a shortterm intervention could improve walking function, and whether improvements in walking function would lead to longer-term benefits, such as improved body Table 3 Body composition outcomes used per-protocol analyses, reported as mean (SD), for intervention and control groups at baseline, after 4 months of intervention/control activities and at 12-month follow-up *Two pQCT scans were not performed at this site due to spasms or oedema, so n is 2 less than noted.
**Three pQCT scans were not performed at this site due to spasms or oedema, so n is 3 less than noted. composition. Therefore, if our hypotheses had been correct we should have observed differences at the 12-month follow-up. Although we did not observe significant group differences when group means were compared, the significant group-by-time interaction and the large variability in muscle area across subjects at baseline prompted an analysis of change scores, which revealed a significant between-group difference in favour of FES after 12 months. These findings should be interpreted with caution given the large variability across participants and because of attrition, which was greater in the control group. The group-by time interaction, graphically depicted, and the analysis of change scores suggest that muscle area in the FES group was changing in a positive direction whereas it was moving in a negative direction for the control group. It is possible that the changes were not large enough, or the variability was too great to observe a significant between-group difference. Variability across SCI participants in outcomes is often inherent in research given the diversity in participant characteristics such as age, severity and level of injury, or gender. Ideally, we would recruit or stratify based on potential confounders or effect modifiers, but the difficulty in recruiting large numbers of individuals with SCI make it impossible. It is also possible that between-group differences were diminished because we used an active control group, or because the characteristics of our intervention were distinctly different than other studies that have shown benefit. It is also plausible that the differences are at least in part attributable to differences in trial design and the high risk of bias in previously published case series. There is a need for large, welldesigned trials to verify if indeed muscle area decreases over time in individuals with chronic SCI and if FES can prevent or reverse these changes. We acknowledge that our conclusions are limited by several factors. We were not able to control for lifestyle factors, which are important determinants of body composition. We did not measure or control diet in our participants, which could have added variability in the estimate of effect. Our methodology was designed in 2004, when initiatives aimed at improving the conduct and reporting of clinical trials, such as CONSORT (http://www.consort-statement.org/), were less widely known. Therefore, although our design is likely more rigorous than many previous studies, there is room for improvement. For example, central randomization is a preferred method over sealed envelopes. We did not pre-specify one primary outcome. A few instances of missing data for our pQCT outcomes may have limited our ability to detect true differences. However, the bias that these limitations would have introduced would have been more likely to sway the findings to a positive effect of our intervention.
Conclusion
In summary, a 4-month FES-assisted walking intervention did not result in a significant increase in muscle mass or CSA, nor did it reduce body fat compared to a standard exercise program. Our data suggest that FES may result in long-term preservation of muscle when compared with exercise, but these findings should be interpreted with caution given the loss-tofollow-up that was higher in the control group and the variability across participants in muscle area. Our data support the need for a larger trials to confirm if indeed individuals with chronic SCI lose muscle over time and if FES might prevent or reverse this. There is a need for international multicentre collaboration to achieve rigorous randomized controlled trials to establish the efficacy of FES-training with respect to functional and health-related benefits for individuals with SCI.
